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Odorant Receptor Localization to Olfactory
Cilia Is Mediated by ODR-4, a Novel
Membrane-Associated Protein
such as the a-adrenergic receptors, to the basolateral
surface (Saunders et al., 1996; Wozniak and Limbird,
1996; Wozniaket al., 1997). In these cells, multiple mech-
anisms seem to be used to produce this distribution,
including localized delivery and ubiquitous delivery with
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selective retention (Wozniak and Limbird, 1996). EvenDepartment of Anatomy
within one cell type, the localization patterns of sevenThe University of California
transmembrane receptors can be dynamic. G protein±San Francisco, California 94143-0452
coupled receptors can be mobilized to the cell surface in
response to activation of signal transduction pathways
(Shapiro et al., 1996; Ng et al., 1997), or they can beSummary
removed from the surface after ligand binding (Bohm et
al., 1997; Koenig and Edwardson, 1997).Seven transmembrane domain receptors can be local-
Both cis-acting and trans-acting factors may be in-ized to different parts of the plasma membrane or to
volved in the localization of G protein±coupled recep-different intracellular compartments in a receptor-
tors. Many mutations resulting in blindness are muta-specific and cell type±specific fashion. We show here
tions in rhodopsin itself that cause improper localizationthat the C. elegans genes odr-4 and odr-8 are required
(Sung et al., 1991, 1994). One specific trans-acting factorfor localization of a subset of seven transmembrane
implicated in opsin transport is ninaA, a Drosophila mel-domain odorant receptors to the cilia of olfactory neu-
anogaster photoreceptor cyclophilin required for local-rons. Other cilia-signaling proteins, including ion chan-
ization of a subset of opsins to the rhabdomeres (Colleynels, a Ga protein, and even other receptor types, are
et al., 1991). ninaA and its mammalian homolog RanBP2localized via an odr-4/odr-8±independent pathway.
bind specific opsins during their biogenesis and mayodr-4 encodes a novel membrane protein that is ex-
act as chaperones for folding or transport (Colley etpressed exclusively on intracellular membranes of
al., 1991; Baker et al., 1994; Ferreira et al., 1996). Achemosensory neurons, where it acts cell-autono-
requirement for cell-specific trans-acting localizationmously to facilitate odorant receptor folding or local-
factors may explain why cloned seven transmembraneization.
receptors expressed in heterologous cell types often
are not present on the cell surface (von Zastrow et al.,
Introduction 1993; Hein and Kobilka, 1995; Yu and Hinkle, 1997).
Caenorhabditis elegans and mammalian olfactory re-
Polarized cells such as epithelial cells and neurons cre- ceptors are seven transmembrane domain receptors
ate functional compartments by localizing signaling ma- that are also inefficiently transported to the surface of
chinery to specialized regions on the cell surface. Mole- heterologous cell types, suggesting that olfactory neu-
cules such as channels and receptors are targeted to rons may have specializedsystems for receptor localiza-
and maintained at distinct sites whose spatial arrange- tion (Zhang et al., 1997; Y. Zhang, J. Bradley and K. Zinn,
ment is crucial for cell function. Although much is known personal communication). Olfactory receptor proteins in
about the spatial distribution patterns of signaling mole- C. elegans reside in sensory cilia of olfactory neurons
cules on cells, little is known of the mechanisms by where they are exposed to odorant molecules from the
which proper targeting is achieved and regulated. For environment (Chou et al., 1996; Sengupta et al., 1996).
example, the localization pathways for seven transmem- Mammalian olfactory receptors have proposed localiza-
brane domain G protein±coupled receptors, the largest tions in sensory cilia and perhaps in growing axons
known class of cell surface receptors, are mysterious. (Mombaerts et al., 1996).
Seven transmembrane domain receptors display a In C. elegans, mutants with abnormal cilium structure
wide variety of receptor-specific and cell-specific local- have poor chemosensation, indicating that cilia are criti-
ization patterns. In neurons, seven transmembrane do- cal for efficient sensory transduction (Perkins et al.,
main receptors are often localized to either axons or 1986). The cilia increase the surface area for odorant
dendrites and are sometimes further localized to spe- detection and provide a compartment for concentration
cific synapses (Shigemoto et al., 1996). The identical of the sensory transduction machinery. For example, the
receptor can display different behaviors in different cell AWA olfactory neurons express a seven transmembrane
types: the m-opioid receptor 1 is localized to dendrites domain receptor (ODR-10), a cation channel (OSM-9),
in CNS neurons and to axons in peripheral neurons (Ar- and a Ga protein (ODR-3) that are all localized to the
vidsson et al., 1995). Polarized epithelial cells, long used cilia (Sengupta et al., 1996; Colbert et al., 1997; Roayaie
as a model for protein trafficking, localize some seven et al., 1998). These neurons mediate attraction to the
transmembrane receptors, such as the A1 adenosine odorants diacetyl, 2,4,5-trimethylthiazole, and pyrazine
receptor, to the apical surface, but they localize others, (Bargmann et al., 1993). The diacetyl receptor, ODR-10,
is necessary and sufficient for diacetyl responses but
not for responses to other odorants (Sengupta et al.,*To whom correspondence should be addressed.
1996; Troemel et al., 1997; Zhang et al., 1997). The²Present address: Department of Biology, Brandeis University,
Waltham, Massachusetts 02254. downstream Ga protein and cation channel are required
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Figure 1. odr-4 and odr-8 Mutants Have De-
fective Responses to a Subset of AWA-
Sensed and a Subset of AWC-Sensed Odor-
ants
(A) Animals were raised at 258C and tested
for chemotaxis to a point source of 1 ml of
odorant. Chemotaxis Index (C.I.) 5 (number
of animals at odorant 2 number of animals
at control) / total number of animals on the
plate. A C.I. of 1.0 indicates complete at-
traction, while a C.I. of 21.0 indicates com-
plete repulsion. Each data point represents
the average of at least six independent che-
motaxis assays using z100 animals per
assay. Error bars equal SEM. Dilutions of
odorants (in ethanol) were the following:
1/1000 benzaldehyde, 1/1000 diacetyl, 1/10
trimethylthiazole, 1/100 isoamyl alcohol, and
10 mg/ml pyrazine. Chemotaxis to trimethyl-
thiazole at a 1/1000 dilution can be mediated
by either AWA or AWC (Bargmann et al.,
1993), but only AWA mediates chemotaxis at
a 1/10 dilution (data not shown).
(B) Chemotaxis responses of wild-type (N2),
odr-4(n2144), odr-8(ky31), and the double
mutant odr-4(n2144); odr-8(ky31) were com-
pared over a series of 10-fold odorant dilu-
tions. Each data point represents the average
of at least five independent assays. Highest
concentrations (13) for each odorant were
1/10 benzaldehyde, 1/10 trimethylthiazole,
1/100 diacetyl, and 10 mg/ml pyrazine.
for all AWA-mediated responses (Colbert et al., 1997; Results
Roayaie et al., 1998). Hence, multiple receptors probably
odr-4 and odr-8 Mutants Have Specificconverge on the Ga protein and channel. Several gene
Olfactory Defectsfamilies that encode seven transmembrane domain re-
odr-4 and odr-8 mutants were isolated in behavioralceptors including the odr-10-related genes (str genes),
screens for chemotaxis-defective animals. odr-4(n2144)are candidate olfactory receptors of C. elegans. Expres-
was previously found in a screen for mutants defectivesion studies of these receptors revealed that an individ-
in benzaldehyde chemotaxis (Bargmann et al., 1993),ual olfactory neuron can express several different candi-
and five odr-8 mutants (ky26, ky28, ky31, ky41, anddate receptor genes (Troemel et al., 1995; data not
ky173) were isolated in screens for mutants defectiveshown), consistent with the observation that an individ-
in diacetyl chemotaxis. All of these mutants displayedual neuron responds to multiple odorants.
defective responses to benzaldehyde, diacetyl, andHere, we examine the mechanisms involved in odor-
2,4,5-trimethylthiazole, but they responded normally toant receptor localization to olfactory cilia in C. elegans.
isoamyl alcohol and pyrazine (Figure 1). The sensoryA previous screen for C. elegans mutants with defective
neurons that respond to these odorants have been de-olfactory behaviors led to the isolation of mutations in the
fined by cell ablation experiments (Bargmann et al.,odr-4 gene (Bargmann et al., 1993). We show that odr-4
1993) and genetic ablations; the AWA neurons detect
mutants as well as odr-8 mutants are defective in a
diacetyl, trimethylthiazole, and pyrazine, and the AWC
subset of AWA-mediated olfactory responses: they fail
neurons detect benzaldehyde, isoamyl alcohol, and tri-
to respond to diacetyl and trimethylthiazole, but they
methylthiazole. Thus, odr-4 and odr-8 mutants lack a
respond normally to pyrazine. odr-4 and odr-8 are re- subset of AWA-mediated responses and a subset of
quired for localization of some odorant receptors to the AWC-mediated responses. Chemosensory responses
cilia, including thediacetyl receptor ODR-10. A compari- mediated by other neurons were intact in odr-4 and
son of odr-4 and odr-8 effects on different signaling odr-8 mutants, including chemotaxis to water-soluble
molecules, receptors, and in different cell types impli- compounds, dauer formation, and avoidance of high
cates receptor localization to the cilia as the critical func- osmolarity and volatile repellents (data not shown).
tion disrupted by these mutations. odr-4 encodes a To explore the apparent odorant specificity of the
novel type II membrane protein expressed in chemosen- odr-4 and odr-8 mutations, a double mutant between
sory neurons that is localized to intracellular membranes odr-4(n2144) and odr-8(ky31) was characterized. These
in the cell body and dendrites. We propose that odr-4 mutants showed no new chemotaxis or behavioral
may function in the folding or transport of odorant recep- defects compared to either single mutant. Moreover,
placing odr-8(ky31) in trans to the deficiency nDf41, ators to mediate their efficient targeting to olfactory cilia.
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Figure 2. odr-4 and odr-8 Are Required for Localization of the Odorant Receptor ODR-10 to Cilia
(A) An odr-10::GFP fusion gene, kyIs37 (Sengupta et al., 1996), with the odr-10 promoter and the first six amino acids of ODR-10 fused to
GFP is expressed in AWA neurons.
(B) Expression in an odr-4(1) animal.
(C) Expression in odr-4(n2144) mutant. Similar results were obtained for odr-8 mutant animals (data not shown).
(D) A GFP-tagged full-length ODR-10 protein (kyIs53) is localized to the AWA cilia.
(E) ODR-10-GFP in the cilia of a wild-type animal (arrowhead).
(F) ODR-10-GFP in the cell body of an odr-4(n2144) animal (arrow). Similar results were observed in odr-8(ky31) animals and in animals stained
with anti-GFP antisera to enhance ODR-10 detection (data not shown).
(G) Rescue of ODR-10-GFP cilium localization by injection of odr-4 DNA (pODR-4-1) into odr-4(n2144) mutants.
(H) Wide-field deconvolution image of ODR-10-GFP in wild-type animal, showing AWA cilia (arrowhead) and faint cell body (arrow).
(I) Wide field deconvolution image of ODR-10-GFP in odr-4 mutant, showing accumulation in cell body (arrow). Scale bar, 30 mm.
deletion that spans the odr-8 region, caused no new the ODR-10 protein was localized to the cilia of AWA in
wild-type animals (Sengupta et al., 1996 and Figures 2D,olfactory defects (data shown for pyrazine, Figure 1).
2E, and 2H). In odr-4(n2144) or odr-8(ky31) mutants, the
same fusion protein was only visible in the cell bodyodr-4 and odr-8 Mutants Fail To Localize
and very faintly in the dendrite (Figures 2F and 2I; Tablethe Diacetyl Receptor ODR-10
1). This result indicates that odr-4 and odr-8 are requiredto the AWA Sensory Cilia
for ODR-10 localization to the sensory cilia.Genetic data indicate that all AWA receptors converge
The level of ODR-10-GFP also appeared to be de-on the same ODR-3 Ga protein, so the odorant-specific
creased compared to wild-type, but this difference isdefects in odr-4 and odr-8 mutants suggested that these
not sufficient toexplain the missing cilium expression. Ingenes would affect functions upstream of the Ga pro-
wild-type animals in which the ODR-10-GFP was weaklytein, such as odorant receptors. To investigate this pos-
expressed, the GFP was seen exclusively in the cilia;sibility, we examined the effect of odr-4 and odr-8 muta-
punctate GFP was seen in the cell body only when thetions on the diacetyl receptor ODR-10.
cilia were very bright. In odr-4 and odr-8 mutants, how-To ask whether odr-4 and odr-8 affect transcription
ever, the highest expressing animals had GFP only inof odr-10, a fusion gene between the odr-10 upstream
the cell body, indicating that the pool of ODR-10 proteinregion and the green fluorescent protein (GFP) reporter
was distributed differently from wild-type (Table1). Simi-was examined in odr-4 and odr-8 mutants. This trans-
lar results were obtained in animals stained with anti-gene includes the first six amino acids of ODR-10 and
GFP antisera to enhance ODR-10 detection. The de-is expressed at high levels in the AWA olfactory neurons
crease in ODR-10-GFP protein levels in the mutants may(Sengupta et al., 1996 and Figures 2A and 2B). odr-4
be secondary to receptor misfolding or mislocalization.(n2144) and odr-8(ky31) mutants expressed this trans-
The overall structure of the AWA neurons revealed bygene at normal levels, demonstrating that odr-4 and
the odr-10::GFP fusion was normal in odr-4 and odr-8odr-8 are not required for transcription from the odr-10
mutant animals, including the axons, dendrites, and cellpromoter (Figure 2C).
bodies (Figure 2C, and data not shown). The AWA ciliaBy contrast, odr-4 and odr-8 mutations had striking
were also examined in detail using an OSM-9-GFP fu-effects on the localization of a tagged ODR-10 protein.
A protein fusion of GFP to the extreme C terminus of sion protein that localizes to the AWA cilia (Colbert et
Cell
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Table 1. GFP-Tagged ODR-10 Is Never Seen in the Cilia in odr-4 or odr-8 Mutants
The GFP-tagged ODR-10 fusion gene was integrated into the genome in two different locations, kyls52 and kyls53. These were crossed into
odr-4 and odr-8 mutant strains. Animals were scored for visibly detectable GFP in the AWA neurons at 1003 magnification on a Zeiss Axioplan.
al., 1997). This fusion protein showed that the AWA cilia behavioral phenotype of odr-4(n2144) mutants (Figure
4B, pODR-4-2). Second, sequencing of the odr-4 genehad normal morphologies in odr-4 and odr-8 mutants
(Figure 3B). Electronmicroscopy previously showed that in the n2144 mutant strain revealed two mutations, an
A to C transition changing Met372 to Leu, and a G to Athe AWC cilia were normal in odr-4 mutants (Bargmann
et al., 1993). To ask whether receptor localization was transition in the splice acceptor for the sixth coding
exon (Figure 4C).disrupted in malformed cilia, we examined ODR-10-GFP
localization in the cilium-structure mutant che-3(e1124), Splice acceptor mutations typically cause a decrease
in mRNA levels, suggesting that the odr-4(n2144) muta-which has stunted AWA cilia (Perkins et al., 1986). In
this mutant, robust localization of ODR-10-GFP to the tion could alter the level of odr-4 mRNA. Indeed, RT-
PCR on wild-type and odr-4(n2144) mutant mRNA undercilia was observed despite the severe malformation of
the AWA cilia (Figure 3C). Thus, ODR-10 protein localiza- semiquantitative conditions revealed that odr-4 mRNA
was reduced in n2144 mutants (Figure 4E). A GFP-tion can occur even if AWA morphology is altered.
The effects of odr-4 and odr-8 on other proteins in tagged ODR-4 protein bearing the n2144 mutations was
also poorly expressed (data not shown). Thus, it is likelythe AWA and AWC cilia were examined using GFP fusion
proteins and antibody staining. The Ga protein ODR-3 that the splice site mutation results in a reduction of
ODR-4 protein levels.(Roayaie et al., 1998), the cyclic nucleotide-gated chan-
nel subunit TAX-2 (Coburn and Bargmann, 1996), and
the capsaicin receptor-like channel OSM-9 (Colbert et odr-4 Acts Cell-Autonomously in AWA Neurons
al., 1997) were all correctly localized to the AWA or AWC The expression of odr-4 was examined using GFP re-
cilia in odr-4 or odr-8 mutants (data shown for OSM-9- porter constructs (Figure 4B and Figure 5). An odr-4
GFP in AWA, Figure 3B; ODR-3 in AWC, Figure 3D). fusion gene that included the entire odr-4 coding region
These results indicate that odr-4 and odr-8 are not gen- fused to GFP was expressed only in twelve types of
erally required for protein localization to sensory cilia. chemosensory neurons (Figure 5A), including AWA and
AWC neurons; this fusion gene rescued all behavioral
defects of odr-4 mutants (Figure 4B, pODR-4-4). ODR-4-odr-4 Encodes a Novel Membrane Protein
The odr-4 gene was cloned by positional mapping and GFP expression was seen in all neurons of the chemo-
sensory amphid and phasmid organs except the ASEtransformation rescue of the n2144 mutant olfactory de-
fect. A 5.4 kb subclone of the cosmid C28A6 rescued chemosensory neurons and the AFD thermosensory
neurons. To date, seven transmembrane domain recep-both the olfactory defect and the ODR-10-GFP localiza-
tion defect of odr-4 mutants (Figure 4B, pODR-4-1; Fig- tors from the str and sr receptor gene families have not
been found to be expressed in ASE or AFD neuronsure 2G). Two different full-length cDNA clones from this
region were isolated, both with SL1 trans-spliced lead- (Troemel et al., 1995, and our data not shown).
Expression in the AWA neurons alone was sufficienters and poly(A) tails. These cDNAs differ by the presence
or absence of a noncoding exon, and both encode a pre- to rescue odr-4 AWA function in an odr-4 mutant. ODR-
4-GFP was expressed solely in the AWA neuron usingdicted protein of 445 amino acids (Figures 4B and 4C).
The predicted ODR-4 protein does not share homol- the odr-10 promoter (Figure 5D), introduced into odr-4
mutant animals, and the transgenic animals were testedogy with any described proteins. A Kyte-Doolittle plot
(Figure 4D) showed a strong hydrophobic peak of 22 for rescue of diacetyl chemotaxis (mediated by AWA
olfactory neurons) and benzaldehyde chemotaxis (medi-amino acids at the extreme C terminus of ODR-4 that
could act as a membrane association domain, but there ated by AWC olfactory neurons). The odr-10::ODR-4-
GFP fusion gene rescued diacetyl chemotaxis but notis no predicted signal peptide. Two tests confirmed that
the gene we had isolated was the odr-4 gene. First, an benzaldehyde chemotaxis, suggesting that odr-4 acts
cell-autonomously in olfactory neurons (Figure 4B, p[odr-odr-4 clone with a frameshift in the first exon of the
putative odr-4 open reading frame failed to rescue the 10p::ODR-4-GFP]).
Olfactory Receptor Localization by ODR-4
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Figure 3. odr-4 Is Not Required for Localiza-
tion of Many Cilia Proteins
(A) Drawings of chemosensory cilia depicted
in Figures 3 and 6 (adapted from Perkins et
al., 1986).
(B) odr-4 mutants have apparently normal
AWA cilia and localize the channel-like pro-
tein OSM-9 to AWA cilia. OSM-9-GFP expres-
sion in the AWA cilia (arrowhead) reveals a
normal morphology in an odr-4(n2144) ani-
mal. OLQ cilia are visible dorsal and ventral
to the AWA cilia.
(C) Deformed AWA cilia are competent to lo-
calize ODR-10-GFP. ODR-10-GFP expressed
in the AWA neuron of a che-3(e1124) cilium
structure mutant, showing localization to the
aberrant AWA cilium (arrowhead).
(D) The Ga protein ODR-3 is localized to AWC
cilia in odr-8(ky31) mutants (arrowheads) and
inodr-4(n2144) mutants (data not shown). An-
imals were fixed and stained with rabbit anti-
ODR-3 IgG antibodies (Roayaie et al., 1998)
and Cy-3-conjugated secondary antibodies.
This dorsal view shows the left and right AWC
cilia.
(E) The cyclic nucleotide-gated channel sub-
unit TAX-2-GFP is localized to cilia in odr-
4(n2144) mutants (arrowhead). TAX-2-GFP is
enriched in cilia of eight typesof sensory neu-
rons in the amphid (Coburn and Bargmann,
1996).
(F) The seven transmembrane domain recep-
tor SRG-2-GFP (Chou et al., 1996) is localized
to the ASK cilia in odr-4(n2144) mutants (ar-
rowhead).
(G) The seven transmembrane domain re-
ceptor SRD-1-GFP, expressed ectopically in
AWA using the odr-10 promoter, is present in
the AWA cilia in odr-4(n2144) mutants. SRD-1
is also independent of odr-4 for its normal localization in ASI neurons (data not shown). In all cases shown above, similar results were observed
in wild-type, odr-4(n2144), and odr-8(ky31) animals. Scale bar, 30 mm.
ODR-4 Protein Is Associated with Intracellular an internal control for expression of the fusion protein,
while b-galactosidase activity was assessed to monitorMembranes and Is Not Present
in the Sensory Cilia protein localization. When GFP and LacZ were fused to
odr-4 after amino acid 421, replacing the hydrophobicodr-4 could be involved in odorant receptor folding,
trafficking, or clustering. To help distinguish among domain, the triple fusion protein exhibited both robust
GFP fluorescence and b-galactosidase activity (Figuresthese models for odr-4 function, the subcellular localiza-
tion of ODR-4 was examined using a functional ODR-4- 5E and 5G) (12/12 transgenic lines stained). However,
when GFP and LacZ were fused to ODR-4 just C-terminalGFP protein (see Figure 4B, pODR-4-4).
ODR-4-GFP was present at a high level in the cell to the hydrophobic domain, the triple fusion protein ex-
hibited GFP fluorescence but no b-galactosidase activ-body, in the dendrites, and to a lesser extent in the
axons of the chemosensory neurons in a discrete punc- ity (0/6 transgenic lines stained) (Figures 5F and 5H).
This fusion protein also rescued the diacetyl responsetate pattern (Figure 5B). It was not observed in the sen-
sory cilia, making a receptor clustering role less likely. of odr-4 mutants, indicating that ODR-4 function was not
disrupted by the addition of GFP and b-galactosidaseIn the cell body, ODR-4-GFP was excluded from the
nucleus but was present in the cytoplasm in intercon- (Figure 4B). These results do not prove, but are consis-
tent with, a topology in which the bulk of the ODR-4necting ribbons or tubules (Figure 5C). Three-dimen-
sional rendering and rotation of a stack of high-resolu- protein is located in the cytoplasm, its C-terminal hy-
drophobic tail anchoring it into a subcellular membrane.tion images suggested that ODR-4-GFP was not present
on the plasma membrane. This subcellular localization
of ODR-4 is consistent with residence in the endoplas- The odr-4/odr-8 Requirement Is Specific for
a Subset of Chemoreceptors Expressedmic reticulum, Golgi apparatus, and transport vesicles.
The topology of ODR-4 protein was explored using in AWA and AWC Neurons
Since odr-4 and odr-8 have defective responses to sev-b-galactosidase hybrid proteins (Froshauer et al., 1988);
b-galactosidase is active only in the cytoplasm. The eral odorants, we asked whether other olfactory receptors
require odr-4 and odr-8 for localization to cilia. odr-10 isreporter genes GFP and LacZ were fused to odr-4 in
tandem either replacing the hydrophobic domain or fol- the only receptor for which an odorant ligand has been
determined, but a large number of candidate C. eleganslowing it (see Figure 4B). The GFP sequence served as
Cell
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Figure 4. odr-4 Encodes a Novel Membrane-
Associated Protein
(A) Genetic and physical map position of
odr-4 on Linkage Group III.
(B) odr-4 gene structure, expression con-
structs, and rescue data. The odr-4 open
reading frame was fully contained on a 5.4
kb SpeI-XhoI fragment of the cosmid C28A6.
The gene structure is shown, along with the
location of start and stop codons, transmem-
brane domain (stippled), and mutations in
n2144. Boxes depict exons. Two different
classes of full-length odr-4 cDNAs with SL1
trans-splice leaders at the 59end were found;
one contained an extra 59 noncoding exon
(raised box linked by dashed line) that was
not required for function. Subclones and fu-
sion genes were injected into odr-4(n2144);
lin-15(n765ts) together with lin-15 marker DNA.
For each clone at least three independent
transgenic lines were tested for chemotaxis
to 1/1000 diacetyl or 1/1000 benzaldehyde
after raising at 208C with a minimum of four
assays per individual line. A chemotaxis index
of 0±0.5 was scored as negative; indices of
0.5±1.0 were scored as positive. lin-15 DNA
alone did not rescue chemotaxis (data not
shown).
(C) The predicted amino acid sequence of
ODR-4 deduced from odr-4 cDNAs. The pro-
tein is 445 amino acids long. Methionine 372
altered to a leucine in n2144 is boxed, and
the location of the altered splice acceptor in
n2144 is indicated by an inverted triangle.
Residues predicted to form the transmem-
brane domain are underlined.
(D) Hydrophobicity plot of ODR-4 shows a
potential transmembrane domain at the C ter-
minus. The plot was derived from Kyte-Doo-
little hydropathic analysis of the predicted
amino acid sequence of odr-4 (Kyte and Doo-
little, 1982).
(E) Semiquantitative RT-PCR of total wild-
type and odr-4(n2144) mRNA for 40, 50, or
60 cycles with odr-4 primers (top) or lin-39
primers (bottom). odr-4 mRNA was reduced
in the odr-4 mutant.
chemosensory receptors have been identified through using wide-field deconvolution revealed that GFP fluo-
rescence in odr-4 mutants was diffuse throughout theexamination of genome sequence (Troemel et al., 1995,
1997; E. R. T. and C. I. B., data not shown). These seven cytoplasm (Figure 6C), with lower levels in the nucleus.
Other candidate chemoreceptor proteins were local-transmembrane receptors fall into six families based on
sequence similarity: the str gene family, for which odr- ized to cilia in an odr-4± and odr-8±independent fashion.
SRD-1 and SRG-2 are candidate chemoreceptors that10 is the founding member, and the sra, srb,srg, srd, and
sre gene families. There is distant sequence similarity localize to the ASI and ASK cilia, respectively (Troemel
et al., 1995; Chou et al., 1996). The localization of SRD-1-between the sra and srb gene families and between the
srd and str gene families, but the other families are GFP and SRG-2-GFP proteins was normal in odr-4(n2144)
and odr-8(ky31) mutants. Thus, while they express ODR-essentially unrelated.
Analysis of additional receptor-GFP fusions revealed 4-GFP protein, the ASI and ASK neurons are able to
transport receptors to the cilia by an alternative pathwaythat odr-4 and odr-8 are required for correct localization
of some, but not all, receptor proteins. STR-2 is a candi- (data shown for SRG-2-GFP in odr-4, Figure 3F).
By altering the cell that expressed ODR-10-GFP, wedate chemoreceptor that is localized to the cilia of AWC
neurons in wild-type animals (Figure 6A), with a lower found that odr-4-dependence was defined by a combi-
nation of receptor sequence and sensory cell type. Sincelevel of protein apparent in the cell body excluding the
nucleus. In odr-4 and odr-8 mutants, the STR-2-GFP ODR-4-GFP expression was observed in the AWB and
ASI neurons, an ODR-10-GFP fusion protein was ex-fusion protein was absent from the cilia but appeared
in the cell body and faintly in the dendrite (Figure 6B, pressed using either the AWB-specific str-1 promoter
or the ASI-specific str-3 promoter. The ODR-10 fusionand data not shown). Examination at high magnification
Olfactory Receptor Localization by ODR-4
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Figure 5. ODR-4 Is Expressed on Intracellu-
lar Membranes in Chemosensory Neurons
(A) GFP-tagged ODR-4 (pODR-4-4 in Figure
4B) is expressed in ten types of amphid neu-
rons:AWA, AWC, AWB, ADF, ADL, ASG, ASH,
ASI, ASJ, and ASK, and in the two types of
phasmid neurons, PHA and PHB. Expression
is seen from the 3-fold embryonic stage on-
ward. The amphid neurons are shown in the
head of an adult (lateral view, large arrow
points to ADL). The phasmid neurons are visi-
ble in the tail of an adjacent larva (small arrow,
dorsal view). Scale bar, 30 mm.
(B) GFP-tagged ODR-4 appears punctate in
the dendrites (arrowhead) and axons but is
not seen in the cilia. This C-terminal tag res-
cues the odr-4 olfactory defect (pODR-4-4,
Figure 4B). Similar localization was observed
in animals stained with anti-GFP antisera to
enhance ODR-4 detection (data not shown).
The expression pattern was not altered in
odr-4(n2144) or odr-8(ky31) mutants.
(C) GFP-tagged ODR-4 labels intracellular
membranes in the cell body reminiscent of
endoplasmic reticulum. Wide-field deconvolu-
tion image of a neuronal cell body expressing
thisprotein shows fluorescence on intracellu-
lar structures. Three-dimensional rendering
and rotation of a stack of images revealed
interconnected sheets and tubules; surface
invaginations suggested that the labeled mem-
branes are cytoplasmic, not on the surface.
Scale bar, 2 mm.
(D) Expressing ODR-4 only in AWA neurons
was sufficient to rescue diacetyl chemotaxis (see Figure 4B). GFP-tagged ODR-4 expressed from the odr-10 promoter was expressed only
in the AWA neuron (arrow). The arrowhead points to a puncta in the dendrite.
(E±H) Double fusions of ODR-4 to GFP and b-galactosidase, which is functional only in the cytosolic compartment. When the transmembrane
domain of ODR-4 was deleted and replaced by GFP-LacZ, robust b-galactosidase activity was observed (E), but olfaction was not rescued.
Conversely, when GFP-lacZ was fused after the transmembrane domain, olfactory function was restored, but no b-galactosidase activity was
observed (F). GFP was expressed well in both fusion proteins (G and H). See Figure 4B for constructs and rescue data. Scale bar, 30 mm.
protein was strongly localized to AWB and ASI cilia in is essential for both, and in AWB neurons, odr-4 is partly
required for both.wild-type animals (Figure 6D, arrowhead shows AWB
cilium; Figure 6I, arrowhead shows ASI cilium). However, In a converse experiment, when the odr-10 promoter
was used to express an SRD-1-GFP fusion protein inin odr-4 and odr-8 mutants, far less ODR-10-GFP ap-
peared in these cilia (Figure 6E and 6J, arrowheads; and the AWA neurons, the fusion protein was localized to
the AWA cilia to an equal extent in wild-type and odr-4data not shown). Moreover, odr-4 mutants accumulated
ODR-10-GFP in the AWB cell body (arrow in Figure 6E), (n2144) mutant animals (Figure 3G). Although the ex-
pression of this protein was poor, this result suggestssuggesting that some receptors are retained there.
Thus, ASI and AWB neurons do use odr-4 and odr-8 to that the AWA neurons can export some receptor pro-
teins to the cilia using an odr-4±independent mecha-localize the ODR-10 protein, but unlike AWA neurons,
these heterologous neurons can also use a different nism, even though ODR-10 in AWA is wholly dependent
on odr-4.mechanism to partly substitute for odr-4 and odr-8 (e.g.,
ODR-10 may take advantage of the mechanism that ASI
neurons use to localize SRD-1). The partial effects of Discussion
odr-4(n2144) in AWB were not enhanced by placing it
in trans to a deficiency of the odr-4 locus (Figure 6H). odr-4 and odr-8 Are Required for the Function
of a Subset of Odorant Receptor ProteinsAn intermediate requirement for odr-4 was also ob-
served when assessing the behavioral function of odr- ODR-4 is a novel protein with an essential function in the
biogenesis of seven transmembrane domain receptors.10 in the AWB neurons. When odr-10 is expressed under
the AWB-specific str-1 promoter to create a strain called odr-4 and odr-8 are required for the localization of some
odorant receptors in the AWA and AWC olfactory neu-odr-10(B), it causes diacetyl avoidance instead of the
diacetyl attraction usually mediated by AWA neurons rons. The odorant-specific behavioral phenotypes of
odr-4 and odr-8 mutants implicate them in olfactory(Troemel et al., 1997). odr-4 mutations decreased but
did not eliminate diacetyl avoidance in odr-10(B) animals signal transduction, and their cellular phenotypes reveal
specific defects in receptor localization to the sensory(Figure 6F). These results show that the odr-4 require-
ment for odr-10±mediated behaviors is closely corre- cilia. odr-4::GFP fusions were expressed only in chemo-
sensory neurons, including the AWA and AWC neuronslated with ODR-10 localization: in AWA neurons, odr-4
Cell
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Figure 6. odr-4 Affects Receptor Localization in AWC, AWB, and ASI Neurons
(A±C) STR-2, a seven transmembrane domain protein expressed in AWC neurons, requires odr-4 and odr-8 for localization to the AWC cilia.
(A) STR-2-GFP expressed in odr-4(1) animals is visible in an AWC cilium (arrowhead). Bar is 30 mm for all panels except (C). (B) STR-2-GFP
is seen only in the AWC cell body (arrow) in odr-4(n2144) mutants and in odr-8(ky31) mutants (data not shown). (C) Wide-field deconvolution
image of one plane of AWC in an odr-4 mutant animal expressing STR-2-GFP shows GFP in the cytoplasm. The diffuse GFP extends into the
dendrite and axon (not shown). Bar, 2 mm.
(D±H) ODR-10 expressed ectopically in AWB neurons shows partial dependence on odr-4 for localization and function. (D) The str-1::ODR-
10-GFP (kyIs156) protein is expressed strongly in the AWB cilia (arrowhead) in odr-4(1) animals. (E) In odr-4(n2144) and odr-8(ky31) (not
shown) mutants less protein reaches the cilia (arrowhead), while more GFP appears in the cell body (arrow). (F) ODR-10 expression in AWB
(the odr-10(B) strain) causes animals to avoid diacetyl at a 1/1000 dilution (Troemel et al., 1997). This avoidance is reduced but not eliminated
in odr-4(n2144) mutants. Error bars represent the SEM. (G) Normal localization of str-1::ODR-10-GFP in sDf127/1 heterozygous animals. (H)
Partial defect in AWB localization in odr-4(n2144)/sDf127 animals, comparable to odr-4 homozygotes in (E) (n 5 50 animals each for [G]
and [H]).
(I and J) ODR-10 expressed ectopically in ASI neurons shows partial dependence on odr-4 for localization to ASI cilia. The str-3 promoter
was used to express ODR-10-GFP in the ASI neurons. (I) In odr-4(1) animals ODR-10-GFP is very bright in an ASI cilium (arrowhead). (J) In
odr-4(n2144) or odr-8(ky31) animals less ODR-10-GFP appears to reach the cilium (arrowhead); this photo shows the brightest example seen
in odr-4 mutants.
as well as several additional classes of neurons that are It is likely that some odorant receptors expressed in
AWA and AWC require odr-4 for their localization, whilenot known to be defective in odr-4 and odr-8 mutants.
All of these neurons terminate in specialized sensory others in the same cells do not. Single olfactory neurons
in C. elegans can detect multiple odorants (Bargmanncilia that are in contact with the environment. Mechano-
sensory and thermosensory neurons in C. elegans also et al., 1993) and express multiple candidate chemore-
ceptor genes (Troemel et al., 1995). Since odr-4 andterminate in sensory cilia, but odr-4 expression was
observed only in neurons with chemosensory functions, odr-8 mutants respond to pyrazine, which is sensed
by AWA neurons (Bargmann et al., 1993), the pyrazinesuggesting involvement in chemosensory function and
not general cilium function. receptor presumably makes use of a non±odr-4 localiza-
tion system inAWA neurons. Non±odr-4 localization sys-Even within the chemosensory neurons, the odr-4/
odr-8 system is not a general cilium transport system, tems are probably present in other chemosensory neu-
rons as well, since ODR-10 in AWB or ASI can still besince a Ga protein and two putative cation channels are
localized properly to AWA or AWC cilia in odr-4 and transported to the cilia in odr-4 and odr-8 mutants, albeit
less efficiently.odr-8 mutants. Nor is it an essential factor for seven
transmembrane receptor localization, since SRD-1-GFP The cis- and trans-acting factors that control folding
and localization of G protein±coupled receptors arecan find its way to the AWA cilia independently of odr-4.
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poorly understood. Some deletion studies suggest that
sequences within the transmembrane segments deter-
mine targeting (Keefer et al., 1994; Unson et al., 1995),
while others suggest that the C-terminal tail may be
required for efficient localization (Konopka et al., 1988;
Sung et al., 1994). Our results suggest that the receptor
sequences may be recognized by overlapping or com-
peting systems like the odr-4/odr-8 system. The require-
ments for receptor folding and localization may differ
depending on the complement of accessory pathways
that exist in a given cell.
The existing allele in odr-4 probably reduces odr-4
function, but it may not be a null allele. It is possible
that a null mutation in odr-4 would have more severe
phenotypes. However, genetic evidence argues that
there is a discrete odr-4/odr-8 function required for the
activation of benzaldehyde, diacetyl, and trimethylthia-
zole receptors. All five odr-8 alleles disrupt the same
odorant responses that are affected by odr-4, and dou-
ble mutants and deficiency heterozygotes maintain this
specificity. Even if these genes ultimately affect other
odorant receptors as well, they appear to be absolutely
essential in a subset of responses.
Figure 7. Models for odr-4 Function
(A) ODR-4 could serve as a chaperone aiding or monitoring receptor
odr-4 Is Likely To Act during Receptor Folding, folding. In the absence of odr-4, ODR-10 or STR-2 cannot fold or
Sorting, or Transport cannot exit the ER. ODR-4 could also aid initial membrane insertion
odr-4 encodes a novel 445 amino acid protein with a C-ter- of receptors into the ER.
(B) ODR-4 might function as a cargo receptor sorting odorant recep-minal transmembrane domain. Relatively few proteins
tors into the correct secretory vesicles. In odr-4's absence, ODR-have the membrane orientation proposed for ODR-4,
10 and STR-2 cannot enter the secretory organelles ªaddressedºand many of those that are known are proteins such as
to the cilia.
syntaxin that are involved in vesicle transport or tar- (C) ODR-4 could be involved in targeting receptor-containing vesi-
geting. ODR-4 has no sequence or structural similarity cles to the cilia, either by interactions with motor proteins or by
to ninaA or RanBP2, the cyclophilins that interact with mediating specific fusion at the base of the cilium. In the absence
of odr-4, vesicles containing ODR-10 or STR-2 cannot enter theopsins, but those proteins also end in a single hydropho-
dendrite or fuse with the cilium and so return to the cell body.bic membrane attachment domain (Colley et al., 1991;
Ferreira et al., 1996). The sequence of ODR-4 is acidic
and hydrophilic, including 15% acidic residues (Asp/
insertion itself may be inefficient without accessory fac-Glu) and 9% basic residues (Lys/Arg). The acidic charge
tors. odr-4 and odr-8 could also be involved in recogni-distribution is interesting because the intracellular se-
tion of the folded receptor as a hypothetical ªfoldingquences of predicted C. elegans odorant receptors are
monitorº (Rothman and Wieland, 1996). In the absencehighly basic, including z20% basic residues and only
of such a monitor, even a correctly folded receptor might6%±8% acidic residues, while their extracellular se-
not be recognized as such and so could be banishedquences are neutral or slightly acidic. A similar system-
to lysosomes or proteasomes.atic charge bias is seen in other G protein±coupled re-
Second, ODR-4 could function as a cargo receptor,ceptors, including mammalian olfactory receptors. One
packaging odorant receptors into vesicles destined forpossibility is that recognition of the basic intracellular
the cilia (Rothman and Wieland, 1996). The diffuse cyto-loops of the receptor by the acidic ODR-4 protein leads
plasmic appearance of the ODR-10-GFP and STR-2-to a stable interaction between the two proteins that
GFP in odr-4 mutants could result from the receptorsassists folding or transport.
being sorted erroneously into small vesicles or lyso-Transcription from the odr-10 promoter was not visi-
somes.bly affected by odr-4, but levels of ODR-10-GFP protein
Third, ODR-4 could function in targeting vesicles toappear tobe reduced in odr-4 mutants. Protein degrada-
the cilia. It might act as a vesicle coat protein that facili-tion may occur as a secondaryeffect of ODR-10 misfold-
tates vesicle trafficking (Kirchhausen et al., 1997) or asing or mislocalization.
a factor that aids motor-driven transport of the vesiclesFigure 7 represents three simple models for odr-4 func-
down the dendrite (Hirokawa, 1998). Alternatively, at ation in the olfactory neurons. ODR-4 might be a chaper-
later step, ODR-4 could mediate vesicle fusion specific-one required to help fold or stabilize some olfactory
ity, allowing vesicles containing receptors to fuse withreceptors. Proper folding is required for receptors to
the cilium membrane. Vesicles that were denied fusionexit from the endoplasmic reticulum (Gudermann et al.,
access at the cilium might be sent back to the cell body,1997), and unfolded receptors would not be allowed into
explaining the observation of receptor-GFP enrichmentthe secretory pathway and might bedegraded. Olfactory
in the cell bodies of odr-4 mutants.receptors and most seven transmembrane domain pro-
teins lack a classical signal sequence, so membrane Although there are many other possible models for
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stP1202, 1/28 was Odr2stP1201, and 15/28 were Odr1stP1201. Theposttranscriptional regulation of receptors, some com-
presence or absence of stP120 was determined by PCR. Thus, threebination of those listed above is the most likely for odr-4
recombinants separated odr-4 from stP120 and indicated that itfunction. odr-4 and odr-8 are probably not required for
was to the right of this polymorphism.
translation initiation, since the mutants are able to ex-
press high levels of a GFP fusion protein containing the Defining the Left Breakpoint of nDf16
first six amino acids of ODR-10. However, odr-4 and odr-4(n2144) was complemented by the deficiency nDf16, contrary
odr-8 might act as mRNA transporters if ODR-10 can to previous report (Bargmann et al., 1993). Since the left breakpoint
of nDf16 lies in the stP120 to mec-14 interval, we determined theonly be synthesized at the base of the cilium. They are
breakpoint in relation to the physical map. PCR primers were gener-probably not required for maintenance of receptor pro-
ated to unique sequences from cosmids in the region and used totein in the cilia, since the ODR-4 protein is absent from
assay for the presence of those sequences in nDf16 homozygous
this cellular compartment. arrested embryos. The left breakpoint of nDf16 lay between the
How widespread are accessory systems like odr-4/ cosmids F37A4 and R13F6.
odr-8 and ninaA? It is likely that similar systems remain
to be discovered. Attempts to express the mammalian Chemotaxis Assays
Population chemotaxis assays on well-fed adult animals were per-olfactory receptors in heterologous cell systems have
formed as described (Bargmann et al., 1993; Troemel et al., 1997).been largely unsuccessful, suggesting that trans-acting
factors may be required for efficient targeting of those
Molecular Biology Methodsodorant receptors to the plasma membrane. Similarly,
All general molecular biology manipulations were performed using
the a2C adrenergic receptor and some peptide recep- standard methods (Sambrook et al., 1989). Sequencing was per-
tors are poorly transported to the surface of cultured formed using the fmol sequencing system (Promega) or by auto-
cells but are thought to be mainly surface-associated mated sequencing using a LiCor automated sequencer. Sequence
analysis was performed using GeneWorks (Intelligenetics). Prelimi-in their normal context (von Zastrow et al., 1993; Yu and
nary sequence of the odr-4 genomic region was provided courtesyHinkle, 1997). The importance of transport systems as
of the C. elegans sequencing consortium at Washington Universitypossible regulatory pathways may also be exploited in
(St. Louis) (Wilson et al., 1994).
some cell types, allowing receptors to be mobilized be-
tween the surface and intracellular compartments (Wan RT-PCR
et al., 1997). Total RNA was prepared from mixed stage wild-type N2 and odr-
The complex anatomy of neurons, with different func- 4(n2144) mutant animals by Trizol extraction (GIBCO). First-strand
cDNA was reverse transcribed from N2 or odr-4(n2144) RNA usingtions parceled out in different cell domains, requires
primers specific for lin-39 or odr-4. This cDNA was used for 30strict control of protein traffic to the surface. The cell
cycles of PCR amplification with primers to odr-4 and lin-39, mixedcan exert control at many steps in this trafficking: protein
in the same reaction tube. One microliter of each reaction was used
folding, cargo sorting, vesicle transport, and vesicle fu- as a template in a new reaction with nested primers to odr-4 and
sion. odr-4 and odr-8 may be representative of a variety lin-39 in separate reaction tubes. Following 10, 20, or 30 cycles, 10
of proteins involved in traffic control for seven trans- ml of the reaction was removed for viewing on an agarose gel stained
with ethidium bromide.membrane domain receptors.
Germline TransformationExperimental Procedures
Rescue experiments were performed by injecting cosmids from the
odr-4 genomic region at concentrations of 10±30 ng/ml or GFP con-Strains and Genetics
structs at 30±50 ng/ml (Mello et al., 1991) together with pJM23 lin-Wild-type nematodes were C. elegans variety Bristol, strain N2.
15 marker DNA (Huang et al., 1994) at 50 ng/ml into the gonads ofStrains were maintained using standard methods (Brenner, 1974).
adult n2144;lin-15(n765ts) worms. Transgenic lines were identifiedAnimals were grown at 208C for most experiments and at 258C for
by rescue of the lin-15(n765ts) multivulva phenotype at 208C, testedchemotaxis assays. Many strains were provided by the Caenorhab-
for chemotaxis to diacetyl or other odorants, and/or examined forditis Genetics Center.
GFP expression. Integrated arrays of transgenes were made by
inducing chromosomal breaks in animals carrying extrachromo-Isolation of Mutants
somal arrays of test DNA 1 pJM23 with either g rays from a 137Csodr-4(n2144) was isolated previously (Bargmann et al., 1993). odr-8
source (6000 rads) for kyIs37, or psoralen 1 UV irradiation, cloningalleles were isolated in behavioral screens for animals that could
out two generations of progeny, and identifying animals in the F2not chemotax to diacetyl. The mutagenesis and screens were per-
which had no lin-15 mutant progeny and expressed the transgene.fomed as described previously, using either NaCl or pyrazine as the
second odorant in a choice (Bargmann et al., 1993; Sengupta et
Isolation and Characterization of cDNAsal., 1996). All mutants were backcrossed at least four times before
The 5.4 kb SpeI-XhoI genomic fragment of cosmid C28A6 was usedbehavioral testing. odr-4 and odr-8 were identified as two different
as a probe to screenapproximately 1 3 106 plaques of a mixed-stagegenes by complementation testing and by Joe Chou by mapping
C. elegans cDNAphage library (a gift of Bob Barstead; Barstead andodr-8 to chromosome IV. odr-4; odr-8 double mutants were made
Waterson, 1989). Twenty-one positive clones were identified andby eliminating markers linked to both mutations and confirmed by
partially sequenced, and nine clones were sequenced completelycomplementation testing.
on both strands. Six clones were identical and were full-length as
judged by the presence of the SL1 trans-spliced leader at their 59Mapping of odr-4
ends. One clone had an additional 59 noncoding exon and an SL1odr-4(n2144) had been previously mapped near the marker sma-3
splice leader.(Bargmann et al., 1993). We used three-factor, four-factor, and PCR
mapping to refine the odr-4 position to the interval between the Tc1
polymorphism stP120 (Williams et al., 1992) and the left breakpoint Generation of Frameshift Mutation
A two base pair frameshift in the 5.4 kb SpeI-XhoI rescuing fragmentof the deficiency nDf16. From heterozygotes of the genotype dpy-
17(e164) odr-4(n2144) unc-32(e189)/stP120, 12/25 Dpy non-Unc re- was introduced by filling in the NdeI site in the second exon of the
odr-4 gene. This results in a frameshift after Ala48 of ODR-4 and acombinants were Odr1stP1201, 2/25 were Odr1stP1202, and 11/25
were Odr2stp1202; 12/28 Unc non-Dpy recombinants were Odr2 stop codon after eight more amino acids.
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Sequencing of the odr-4(n2144) Mutant Allele (1996). IVE (Image Visualization Environment): a software platform
for all three-dimensional microscopy applications. J. Struct. Biol.Genomic DNA was isolated from N2 and n2144 single animals, and
at least one strand of all exons, splice junctions, and 39 UTRs was 116, 56±60.
sequenced. The regions containing the mutations were sequenced Chou, J.H., Troemel, E.R., Sengupta, P., Colbert, H.A., Tong, L.,
on both strands. Tobin, D.M., Roayaie, K., Crump, J.G., Dwyer, N.D., and Bargmann,
C.I. (1996). Olfactory recognition and discrimination in Caenorhab-
Generation of Expression Constructs ditis elegans. Cold Spring Harb. Symp. Quant. Biol. 61, 157±164.
The sequences of all PCR products and of all plasmid junctions Coburn, C.M., and Bargmann, C.I. (1996). A putative cyclic nucleo-
were verified by sequencing. GFPand LacZ vectors were generously tide-gated channel is required for sensory development and function
supplied by Andrew Fire. PCR amplification was carried out using in C. elegans. Neuron 17, 695±706.
the Expand Long Template PCR kit (Boehringer-Mannheim) and an
Colbert, H.A., Smith, T.L., and Bargmann, C.I. (1997). OSM-9, a novel
MJ Research Thermal Cycler.
protein with structural similarity to channels, is required for olfaction,
mechanosensation, and olfactory adaptation in Caenorhabditis
Microscopy elegans. J. Neurosci. 17, 8259±8269.
Most photos were taken using standard fluorescence microscopy.
Colley, N., Baker, E., Stamnes, M., and Zuker, C. (1991). The cyclo-Images in Figures 2H, 2I, 5C, and 6C were acquired with a scientific
philin homolog ninaA is required in the secretory pathway. Cell 67,grade cooled CCD camera on a multiwavelength wide-field three-
255±263.dimensional microscopy system (Hiraoka et al., 1991) in which the
Ferreira, P.A., Nakayama, T.A., Pak, W.L., and Travis, G.H. (1996).shutters, filters, and XYZ stage are all computer-driven. Samples
Cyclophilin-related protein RanBP2 acts as chaperone for red/greenwere imaged using a 60 3 1.4 NA lens (Olympus) and n 5 1.1518
opsin. Nature 383, 637±640.immersion oil. Three dimensional data stacks of GFP-expressing
samples were acquired in the FITC channel by moving the stage in Froshauer, S., Green, G.N., Boyd, D., McGovern, K., and Beckwith,
successive 0.25 mm focal planes through the sample, and out-of- J. (1988). Genetic analysis of the membrane insertion and topology
focus light was removed with a constrained iterative deconvolution of MalF, a cytoplasmic membrane protein of Escherichia coli. J.
algorithm (Agard et al., 1989). Maximum intensity projections of the Mol. Biol. 200, 501±511.
three-dimensional data stacks were generated using IVE software Gudermann, T., Schoneberg, T., and Schultz, G. (1997). Functional
(Chen et al., 1996). and structural complexity of signal transduction via G-protein-cou-
pled receptors. Annu. Rev. Neurosci. 20, 399±427.
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